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ABSTRACT
Microalgae are of interest for the creation of sustainable and cost competitive alternatives
to petroleum-based fuels and chemicals. However, cultivation, extraction and processing of algal
biomass requires improved yields to achieve economic feasibility. The advancement of microalgal
biotechnology and various genetic engineering techniques allow the improvement of microalgae
biomass for this purpose. Here, the characterization of the overexpression of the native vacuolar
H+ pumping pyrophosphate (AVP1) in Picochlorum soloecismus was examined. AVP1
overexpression causes biomass increase in relevant plant crops. When overexpressed in this
microalga it increases carbon storage in the form of starch in a closed laboratory photobioreactor.
However, this increase in carbohydrate was not seen in small open raceway ponds. Future work
should focus on optimizing growth conditions for this mutant due to its beneficial accumulation
of carbohydrates in a closed laboratory system.
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INTRODUCTION
The dependence on fossil fuels and the release of greenhouse gasses into the
atmosphere has increased the demand for renewable carbon-neutral alternatives. As a result,
there is a growing attention in biofuels derived from photosynthetic biomass, which could
alleviate greenhouse gas production through photosynthesis1–3. Biofuels have traditionally
been derived from plants; however, the increase in global population and demands for food
production have raised questions about the sustainability of plant-derived biofuels4,5, making
nonagricultural-based biofuels an area of interest6.
Microalgae as a source of biofuels have gained attention for the creation of sustainable
and cost competitive alternatives to petroleum-based fuels and chemicals. This attraction is
due to their simple structure and fast growth rates, their efficiency in converting light energy
via photosynthesis into chemical energy, and their ability to be grown under harsh conditions
that would kill plant-based feedstocks3,4,7,8. Unlike terrestrial biofuel feedstock crops,
microalgae are unique because they do not risk food security by utilizing arable land and they
help conserve fresh water for agriculture crops, as microalgae are able to be grown in water
with high salinity such as ocean water or brackish water7,8. Microalgae biomass comes
primarily in the form of three carbon storage macromolecules: carbohydrates, proteins, and
lipids9, which are extracted for biofuel production and coproducts. Once extracted, lipids (oils)
can be used for biodiesel after undergoing transesterification, while carbohydrates can be used
for the production of bioethanol after undergoing fermentation3,4,8. Proteins can be extracted
and used for human protein supplements as well as important additives for animal feed10,11.
However, due to the cost of these processes, combined with the cost of cultivation and
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extraction of these macromolecules, algal biofuels are currently rendered as economically
unfeasible12.
One path to reducing cultivation costs and increasing economic viability is to increase
the algae productivity per land area13. This includes increasing total biomass produced, as well
as carbon storage within that biomass14. Researchers have set out to increase the amount of
algal production through several ways. One way is genetic engineering of algae production
strains, which has become popular due to recent advancements in microalgae synthetic
biology15. This is because the developments in sequencing algal genomes of interest to allow
for genetic manipulation as well as an increase in genetic tools for transformation16,17. Marine
strains are of particular interest for genetic engineering due to their high abundance and their
ability to be grown in salt water thus it does not compete with fresh water for other crop use18.
One such strain, Picochlorum soloecismus is an ideal candidate for genetic engineering. P.
soloecismus has been previously validated as a potential candidate for biofuel production
because it has a broad halotolerance range, can accumulate more than 50% of its biomass as
carbon storage compounds, its genome has been sequenced, and it is responsive to genetic
engineering19,20.
In this study, the overexpression of the protein AVP1, the vacuolar H+-pumping
pyrophosphatase or H+-PPase, was explored for increasing biomass within P. soloecismus. H+PPases are divided into two groups: type I K+ sensitive and type II K+ insensitive but Ca2+
sensitive21. The type I H+-PPase proteins are fairly conserved in plants with amino acid
sequence identities greater than 85% and have been found in many organisms such as plants,
bacteria, and parasitic protozoa21,22,23. However, type II H+-PPase proteins (AVP2) are not as
conserved, with around a 36% sequence identity in plants21. These proteins are known for
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creating proton gradients across membranes by the hydrolysis of pyrophosphate that is
accumulated through regular cellular functions such as biosynthesis of RNA, proteins, and
fatty acids24. AVP1 overexpression has been utilized for increasing the salt, drought tolerance,
and biomass yields of industrially relevant crops such as cotton25, tomato26, and rice27.
However, its effect has not been tested in microalgae nor in the context of biofuels. Thus, we
aimed to overexpress AVP1 in a potential production algae strain, Picochlorum soloecismus,
and characterize the effects with respect to algal growth, physiology, and carbon storage.
In plants, there are two proposed hypotheses that can account for an increase in
biomass, and may be explained by vacuole acidification28 , pyrophosphate detoxification29,30,
increased phloem loading and transport31, and/or regulation of auxin transport32. All of these
effects are tied to a proton motive force (PMF)31. AVP1 localized to the tonoplast (vacuolar
membrane) causes a PMF into the vacuole, causing acidification within the vacuole as well as
the hydrolysis of inhibitory pyrophosphate24,31,33,34. Vacuolar ATPases (V-ATPases) aid in the
creation of the electrochemical gradient caused by acidification, which is then used by the cell
to change the pH within the vacuole. Depending on the pH of the vacuole pH and
environmental conditions, AVP1 can also work in the reverse direction to synthesize
pyrophosphate (PPi) 22,31.
Notably, AVP1 is not exclusively localized to the vacuole. Previous work has shown
that AVP1 can be localized to the plasma membrane of companion cells and synthesizes PPi
like it does when localized to the vacuole

23,31

. The localization to the plasma membrane, as

well as the co-expression of a sucrose/ H+ symporter and plasma membrane ATPases (PATPases), has contributed to the increase of sucrose phloem loading and the improved
transport of source to sink in plants23,35. This allows for an increase in sucrose utilization,
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because more PPi is readily available for PPi-dependent phosphofructokinase. At this location,
AVP1 overexpression has been demonstrated in aiding the transport and regulation of auxin,
which is an important plant hormone that aides in plant organ formation32.
Since AVP1 overexpression has not been conducted in this microalgae, the mechanism
of action is unknown. However, Figure 1 shows proposed mechanisms of actions. A vacuole
in P. soloecismus has never been discovered, thus the hydrolysis of PPi is not shown in this
figure, but is explored in this research. The main hypothesis that is depicted in Figure 1 is the
localization of AVP1 to the plasma membrane. This localization allows for the synthesis of PPi
and a formation of a proton gradient. PPi can then be used in various metabolic pathways to
increase carbon storage. However, the localization of this protein within this microalga is
unknown and hypothetical protein localization on other organelles with membranes is also
depicted in Figure 1.
In order for overexpression of AVP1 or other genetic modifications relevant to
industry, any phenotype that is achieved in a laboratory setting is more favorable if it translates
into large cultivation systems. Microalgae biofuels are cultivated in two types systems:
photobioreactors (closed system) and raceway ponds (open system)36. Closed systems are a
transparent arrangement of enclosed tubes or plates filled with the microalgal broth for
cultivation36. These are considered more controlled because they are more regulated, and it is
easier to manipulate certain growth conditions such as light intensity, temperature, and
contamination37. However, closed photobioreactors are also considered more expensive
because of the capital cost of constructing such a system1. Open raceway systems are ovalshaped, shallow, open air, and mixed with a paddle wheel system. Open systems allow for
large-scale cultivation, and are preferred due to their simplistic construction and operating
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systems when compared to a closed system36–38. However, large open systems have
disadvantages of water loss due to evaporation, inadequate light utilizations due to poor
mixing, and are prone to predator contamination. Therefore, microalgae that are chosen for
open systems must be extremely robust. Genetically modified strains could provide a
robustness as well as desirable traits for commercial biofuels39. However, genetically
engineered algae in outdoor pond systems have not been widely studied due to concerns of the
potential for these strains to invade surrounding ecosystems40. Highly controlled outdoor
systems have been implemented to study engineered algae invasiveness as well as determining
phenotypic stability in a realistic environment that can be applied to industrial cultivation
systems40.
In this study, the phenotype of P. soloecismus AVP1 overexpression line is described
for a laboratory-size closed photobioreactor system and in a controlled greenhouse MicroBio
mini-pond system to avoid the chance of environmental contamination. This study aimed to
determine: If there was a phenotypic response to overexpressing the native AVP1-like gene
within P. soloecismus and if that phenotype increases the potential for P. soloecismus to be a
platform strain for biofuels and bioproducts. We also asked if the phenotype translates across
cultivation systems of varying sizes.
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Figure 1. Hypothetical mechanisms of the AVP1-like protein in P. soloecismus. AVP1-like
protein localized to the plasma membrane can increase the amount of pyrophosphate used
by PPi-dependent phosphofructokinase for glycolysis by synthesizing PPi. The subsequent
proton gradient produced by AVP1 and P-ATPase can be used by sugar symporters to uptake
more sugar which may be used in glycolysis. Localization is still unknown and may cause
proton gradients in other organelles besides the plasma membrane. Purple boxes: ATPase,
orange boxes: AVP1-like protein, blue hexagon: sugar, Red box: sugar symporter (HXT),
Grey boxes: other localization points that may be causing proton gradients on other
organelles, Grey dotted lines: Flow of PPi into key metabolic pathways.
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MATERIALS AND METHODS
Strain and Culture Conditions
The strain used for this study was the microalgae Picochlorum soloecismus 20 isolated
at Los Alamos National Laboratory (Los Alamos, NM). P. soloecismus was maintained at 25
°C and 50 µmoles photons m-2 s-1 on modified f/2 media as described in Gonzalez et al 19. The
modified f/2 is as follows: 0.75 g NaNO3, 0.035 g NaH2PO4·H2O, 3.15 mg FeCl3·6H2O, 4.36
mg Na2EDTA·2H2O, 10 μg CuSO3·5H2O, 6 μg Na2MoO4·2H2O, 22 μg ZnSO4·7H2O, 10 μg
CoCl2·6H2O, 180 μg MnCl2·4H2O, 1 μg vitamin B12, 1 μg biotin, 200 μg thiamine HCl and
38 g Instant Ocean™ seawater salt mix (Blacksburg, VA) per liter (hereafter f/2). Stock
cultures were maintained at 20°C and 10 μmoles photons m-2 s-1. For solid media preparation,
1.5% phytoagar (Gold Bio, St. Louis, MO) was supplemented as the solidifying agent and the
salt content was adjusted to19 g /L of Instant Ocean™ mix.
Gene identification and generation of the overexpression vector
The Arabidopsis thaliana AVP1 gene (At1g15690) was used as template for
bioinformatic analysis. Initial search was performed by Pfam41 search, by identifying proteins
containing Pfam03030 (a conserved protein domain in H+ pyrophosphatases) in P.
soloecismus19. Protein hits were confirmed by BLAST analysis (Altschul) and targeted peptide
prediction was performed through SignalP4.142 using the software’s default settings. The 2663
bp AVP1-like gene (NSC_02498) was amplified by PCR using the primer set Ppase NdeI fwd:
5’-CTGGCAAAAAAGACATATGTTATCCGAG

-3’

and

Ppase

Rev

XbaI:

5’-

TCTACTTCTAGATGTTATATCATGCCAC-3’ and cloned into the PICO2 overexpression
vector.
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Transformation and mutant screening
A 50 ml culture was grown in a 250-ml Erlenmeyer flask in f/2 media, constant light
(100 µmoles photons m-2 s-1) and 25ºC up to early stationary phase. Once culture reached
stationary phase it was diluted to an OD750= 0.3-0.5 and grown overnight under the same
conditions (to obtain a culture at OD750= 0.4-0.8). Afterwards, a 15-ml aliquot was spun down
at 3500 rpm for 10 min on a tabletop centrifuge. The cell pellet was washed 2x with sterile
cold MAX Efficiency™ Transformation Reagent for Algae from Thermo Fisher (Waltham,
MA) and resuspended in 5 ml of the same reagent. 250 µL of this resuspended algal culture
was mixed with 1µg of linearized DNA. Electroporation was performed using the following
protocol: the DNA/cell mix was pulsed three times (~10 s between each pulse) in a Biorad
Gene Pulser Xcell (Hercules, CA) using the program setting "time constant" with the following
settings: 20 ms pulse, 1600 V as described previously 19. Electroporated cells were incubated
on ice for 5 minutes and then plated on 50µg/ml Zeocin f/2 antibiotic plates. The plates were
then incubated for three weeks at 100 µmoles photons m-2 s-1and 25ºC. For mutant screening,
DNA from a loop-full of cells grown in solid f/2 media plus 10µg/ml Zeocin was extracted
using Zymo’s Quick-DNA Fungal/Bacterial Miniprep Kit following the manufacturer’s
protocol. PCR screening was performed using the following primer pair combination not found
in P. soloecismus Wild Type genome: RbcS fwd (5’- CTCCTACACCGTTTTCGCCCTAC3’) and AVP1 rev (5’- GACCCGCCAAGGCCATAT CCAGTG-3’). The PCR amplicons
were sequence confirmed by GeneWiz (South Plainfield, NJ).
Light microscopy and Lugol’s method
A 40mL culture in 125 ml Erlenmeyer flasks were grown in f/2 media on a 1% CO2
incubator at 25°C with a 16-8 light-dark cycle and light intensity of 300 µmoles photons m-2

8

s-1. Two days after N=0, a 100-µL aliquot was stained with Lugol’s Iodine staining43 as
follows: 10µL of Lugol’s solution was added to 100µL of culture and incubated at 37°C for 20
minutes. 5µL of Lugol-stained cells were viewed on an Olympus BX51 light microscope.
Pictures were taken with the Olympus DP73 camera for qualitative comparison.
Preliminary growth and AVP1 transcript levels
A growth curve was conducted using 125mL flask in 40mL of f/2 media in triplicate
grown in a 1% CO2 incubator at 25°C with a 16:8 light-dark cycle and light intensity of 300
µmoles photons m-2 s-1 for 12 days. Optical Density measurements were taken daily at a
wavelength of 750nm using a Varian Cary 300 Bio UV-Visible Spectrophotometer. A 15-ml
aliquot of each flask was taken at OD750=0.5 for determining AVP1 expression levels. The 15
mL aliquots were spun down at 3500 rpm for 10 minutes and the pellet was frozen with liquid
nitrogen. RNA was treated with 1mL of Thermo Fisher Trizol reagent and vortexed for 10
minutes. After 10 minutes, cultures were incubated at room temperature for 5 min and
centrifuged at 4°C for 10min at 12000x g. The supernatant was extracted with 200µL of
chloroform and mixed for 30 s. After 2 min incubation at RT, the samples were centrifuged for
5 min at 12000x g and 4°C. The supernatant was transferred to a fresh 1.5mL tube and an equal
volume of phenol chloroform was added. After vortexing, the samples were centrifuged for
5mins at 12000x g and 4°C. Then, in a new tube, equal volumes of supernatant and 100%
isopropanol were mixed and incubated on ice for 30mins. After centrifugation for 15mins at
12000x g and 4°C, the obtained pellet was washed with 80% ethanol, dried and resuspended
in 50µL of RNase free water. RNA extracts were treated with DNase (Thermo Fisher) and
cDNA was obtained using a Takara Clontech RNA to cDNA EcoDry Premix following the
manufacturers’ protocol. BioRad’s iTaq universal SYBR Green was used as the polymerase
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for

quantitative

PCR

using

the

following

ACGCTCTGAAAGTGGAAGAG-3’)

and

primer
AVP1

pairs:

AVP1

fwd

(5’-

rev

(5’-

GACGCT

GACATACTTATACTCGG-3’). Actin was used as the reference gene and was amplified
using the following primer pair: Actin fwd (5’ -ACCCTCAAGTATCCAATCGC-3’) and
Actin rev (5’- AGCTTCCGTCAATAACACAGG-3’). ∆∆CT values were calculated using the
following equation: ∆∆CT ((CT (target, untreated)-CT (reference, untreated))-(CT (target,
treated)-CT (reference, treated))  2∆∆CT.
Carbohydrate and Lipid analysis
Total carbohydrates in the biomass were quantified spectrophotometrically using a 3methyl-2-benzothiazolinone hydrazine (MBTH) method 44. First, the polymeric carbohydrates
in the biomass were hydrolyzed into its monomer units by a two-step sulfuric acid hydrolysis
and then the monosaccharides were quantified spectrophotometrically using D(+) glucose as
the calibration standard. For acid hydrolysis, ~25 mg of lyophilized and homogenized biomass
was treated with 250 µL of 72% (w/w) sulfuric acid and incubated in a water bath at 30 °C (±3
°C) for 1 hour with vortexing at every 5-10 minutes. Then the acidic hydrolysate was diluted
to a concentration of 4% (w/w) H2SO4 with 18.2 MegaOhm water (0.2μM filtered) and
autoclaved at 121 °C for 1 hour. Then the samples were filtered to separate solids from the
hydrolysate

and

the

monosaccharides

were

quantified

using

the

MBTH-based

spectrophotometric method using a Varian Cary 300 BioUV–Visible spectrophotometer.
Neutral lipid content in the biomass was determined as fatty acid methyl esters (FAMEs) by in
situ acid-catalyzed transesterification followed by gas chromatographic analysis 45. 200 μL of
chloroform:methanol (2:1, v/v) and 300 μL of 0.6 M HCl:methanol were added to 5-10 mg of
the freeze-dried biomass for solubilization of lipids and conversion of free fatty acids to
10

FAMEs. An internal standard, 25 μL of 10 mg/mL methyl tridecanoate (C13:0ME)) was
transesterified with the sample to account for variabilities in extraction, instrumentation and
solvent evaporation during analysis. The samples were heated at 85 °C for 1 hour and FAMEs
were extracted from the polar methanol phase with 1 ml of hexane. The hexane extracts were
analyzed with an Agilent 7890A Series gas chromatograph with flame ionization detection
(GC/FID) equipped with a DB-WAX column (30 m length x 0.25 mm inner diameter x 0.25
μm film thickness (Agilent Technologies, Santa Clara, CA). The inlet temperature was
maintained at 250 °C and helium was used as the carrier gas at 1 mL/min. 2 μL injections were
loaded onto the column at a split ratio of 10:1. Initial oven temperature was 100 °C and then
the temperature was ramped to 200 °C at 25 °C/min and held for 1 min. Then the temperature
was increased to 242 °C at a rate of 1.5 °C/min and held for 1 min. The detector was held at
280 °C with 450 mL/min zero air, 40 mL/min H2 and 30 mL/min helium. The signals were
identified, and FAMEs were quantified based on a GLC 461C 30-component FAME standard
mix (Nu-Chek Prep, Inc., Elysian, MN) using C13:0ME as the internal standard.
Flow Cytometry
Flow cytometric analysis was conducted using a BD Accuri C6 plus with BD CSampler
(BD Biosciences). Cells were diluted in media such that they ran at a flow rate of 1,000-9,000
events/sec at a flow rate of 66 µl/min,the threshold was set at 35,000 for forward scatter (FSC)
and each sample was run in quadruplicate. For cell counts 10 µl of sample was collected and
the original cell concentration was calculated. The FSC-A mean was taken for relative cell
size measurements. Lipid content was measured by incubation for 30 minutes at RT with 22.6
μM BODIPY 505/515 (ThermoFisher) in 6.2% DMSO. Cells were run at a flow rate of 14
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µl/min and fluorescence was collected off of the 488nm laser with a 533/30 emission filter and
each sample was measured in triplicate.
Characterization of Avp1.1 overexpression line
The mutant with highest AVP1 expression was selected for phenotypic comparison
against the Wild Type control. 1 L cultures were grown in spin flasks as described previously19.
A 50mL aliquot was sampled daily for the first two weeks of growth (every two days
afterwards), flash frozen with liquid nitrogen and lyophilized prior to biochemical composition
analysis. To analyze the lyophilized biomass, the protocols previously described by Van
Wychen for carbohydrates44 and fatty acid methyl esters45 were utilized. Optical density
measurements were taken at 750 nm in a Varian Cary 300 Bio UV-Visible Spectrophotometer.
Relative cell size and cell number per ml were determined by a BD Biosciences (San Jose, CA)
Accuri C6 flow cytometer. Multiple t-test, where p < .05, was used to determine the statistical
significance of the difference in the mean for forward scatter, cells per milliliter, percent
carbohydrate, and percent lipid accumulation.
Photosynthetic measurements
Replete 3mL of samples were taken for quantum yield analysis and chlorophyll a/b
ratio determination. Chlorophyll (Chl) measurements were performed using the methanol
method described by Porra et al.46. A cell suspension from Wild Type and Avp1.1 transgenic
line were adjusted to a Chl concentration of ~ 5.0 μg Chl/mL for photosystem II efficiency
measurements using an AquaPen-C AP-C 100 (Photon Systems Instruments) quantum yield
(QY) analysis. The cells were dark adapted for 30 min prior to the measurements.
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2x salt and varying phosphate
Two growth curves were conducted using the Wild Type and Avp1.1 line using 125mL
flask in 40mL of f/2 media with two times the amount of Instant Ocean or varying levels of
phosphate solution (the usual amount, 1/10, 1/20, 1/50) in triplicate grown in a 1% CO2
incubator at 25°C with a 16-8 light-dark cycle and light intensity of 300 µmoles photons m-2
s-1. The salt experiment was grown for 15 day and the varying phosphate experiment was
grown for six days. Optical Density measurements were taken daily at a wavelength of 750nm
using a Varian Cary 300 Bio UV-Visible Spectrophotometer.
Photosynthetic measurements
Replete 3mL of samples were taken for quantum yield analysis and chlorophyll a/b
ratio determination. Chlorophyll (Chl) measurements were performed using the methanol
method described by Porra et al.46. A cell suspension from Wild Type and Avp1.1 transgenic
line were adjusted to a Chl concentration of ~ 5.0 μg Chl/mL for photosystem II efficiency
measurements using an AquaPen-C AP-C 100 (Photon Systems Instruments) quantum yield
(QY) analysis. The cells were dark adapted for 30 min prior to the measurements.
Sugar supplementation experiments
CO2 supplemented sugar growth curves was conducted using 125mL flask in 40mL of
f/2 media with 5mM of supplemented sugar (glucose and sucrose) in triplicate grown in a 1%
CO2 incubator at 25°C with a 16-8 light-dark cycle for seven days and light intensity of 300
µmoles photons m-2 s-1. 1mL samples were taken daily for flow cytometry and optical density
measurements. Non- CO2 supplemented sugar growth curves grown similarly as mentioned
above, however, the light intensity was 70 µmoles photons m-2 s-1 and they were shaken using
an Innovation 2300 platform shaker (Edison, NJ).
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Intracellular pH
15mL of both Wild Type and AVP1.1 was grown in 1% CO and harvest at ≈ 1.0-1.5
2

OD. Intracellular pH was determined using a previously established protocol developed for
Picochlorum soloecismus47. Briefly, pHrodo Green AM dye (ThermoFisher, Waltham, MA,
#P35373) was reconstituted in PowerLoad solution (1:10) per the manufacturer's instructions.
Algal cells were incubated with 4 µM pHrodo Green AM dye in live cell imaging solution
(LCIS, ThermoFisher, Waltham, MA, #A14291DJ) at 37 °C for 1 h in the dark. Cells were
washed and resuspended in LCIS. Internal pH standards for each sample were generated using
an intracellular pH calibration buffer kit (ThermoFisher, Waltham, MA, #P35379). Dyed
samples were incubated for an additional 10 min at 37 °C in a solution of 10 μM nigericin, 10
μM valinomycin, and a buffer with a specific pH (4.5, 5.5, 6.5, or 7.5). Samples were washed
and resuspended in LCIS. Fluorescence was assessed using a BD Accuri C6 Plus flow
cytometer (BD Biosciences, San Jose, CA) equipped with 488 and 640 nm lasers. A standard
startup protocol was run per manufacturer's instructions. Spherotech 8-Peak Validation Beads
(BD Biosciences, San Jose, CA, #653144) were used to verify instrument repeatability. The
threshold for detection was set at 40,000 for FSC-H and 25,000 events were collected at a flow
rate of 14 μl/min. Mean fluorescence intensity (MFI) for each sample was determined using
BD CSampler Plus Analysis software. Data derived from the intracellular calibration kit was
used to generate a linear regression plot for quantification of intracellular pH for each sample.
A student’s t-test, where p < 0.05, was used to determine the statistical significance of the
difference in the mean intracellular pH values for the mutant versus Wild Type P. soloecismus.
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Statistical analysis
Statistical analyses were conducted using GraphPad Prism 8 Software, version 8.3.1
(GraphPad Software, San Diego, CA).
Large-scale characterization
Wild Type and Avp1.1 P. soloecismus were grown in triplicate MicroBio mini ponds
(San Luis Obispo, CA) in 50 liters of f/2 media. CO2 was supplied on demand to maintain pH
8.0. 750mL of sample was taken daily two days after inoculation for biochemical analysis
15mL was taken for optical density measurements and for PCR to insure the presence of the
gene. Biochemical samples were immediately spun down, flash frozen in liquid nitrogen, and
stored at -80°C. Media without nitrogen was used to replace the volume taken daily.
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RESULTS
Bioinformatic analysis of Avp1-like proteins in algae
The AVP1 protein is highly conserved among plants48 with sequence identities greater
than 85%23. The AVP1 protein has been identified in the model alga Chlamydomonas
reinhardtii 49, yet there is no published characterization within this organism. The AVP1 amino
acid sequence of Arabidopsis thaliana (At1g15690) was compared to that of C. reinhardtii
(CHLRE_09g394436v5), and it was determined that the sequence identity was 65.9% (Table
1). Blastp was used to analyze C. reinhardtii AVP1 as a search template to estimate
conservation in green algae (taxid: 3041). Out of 59 sequences in 39 organisms, 28 of the
sequences had an e-value of 0.0 and 21 had under e-value less than 10-70. Of the 59 sequences,
a different set of 28 sequences had greater than 60% sequence identity to C. reinhardtii AVP1.
It was determined that AVP1 is fairly conserved within this group.
To further assess the similarities between the A. thaliana and other relevant platform
strains, ESPript50 was used to align and determine putative protein secondary structure34
(Figure 2). The platform strains Picochlorum soloecismus and Chlorella sorokiniana 1228 had
an AVP1 sequence identity to A. thaliana of 68.55% and 67.91%. It was determined that all of
the key residues in the proton transport pathway are conserved for all species and the active
site is almost completely conserved24.
A. thaliana C. reinhardtii P. soloecismus C. sorkaniana 1228
-65.91
68.55
67.91
C. reinhardtii
65.91
-73.31
74.6
P. soloecismus
68.55
73.31
-82.63
C. sorkaniana 1228
67.91
74.6
82.63
-A. thaliana

Table 1. Amino acid percent identities of the model organisms,
Arabidopsis thaliana and Chlamydomonas reinhardtii, and non-model
organisms Picochlorum soloecismus and Chlorella sorokiniana 1228.
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Figure 2. ESPript alignment
(Robert and Gouet 2014) of
H+PPases from Arabidopsis
thaliana, Chlamydomonas
reinhardtii, Picochlorum
soloecismus, and Chlorella
sorokiniana 1228 Red asterisk:
phosphorylation targets; light
green asterick ubiquitination
targets; dark green asterick:
sumoylation targets. Black
asterisk: key residues in the
proton transport pathway. Blue
asterisk: residues involved in
PPi interaction. Black Box:
active site.
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The establishment of similarities across the four species led to inquiring whether P.
soloecismus had both type I and type II H+-PPases. The previously published P. soloecismus
Pfam database was used to identify two proteins containing Pfam03030 (a conserved domain
in inorganic H+ pyrophosphatases)19. The Pfam-containing proteins from P. soloecismus genes
NSC_02498 and NSC_05663 have a sequence identity to the A. thaliana AVP1 (At1g15690)
of 68.55% and 39.19%, respectively; thus, a deeper analysis was conducted.
NSC_02498 was evaluated and presented the alanine residue at position 525, which is
typical of K+ dependent vacuolar H+-pumping pyrophosphatase. On the other hand,
NSC_05663 possessed a lysine at the equivalent position, characteristic of K+ insensitive H+
pyrophosphatases51. Therefore, NSC_02498 was assigned to the type I category (AVP1-like
protein) and NSC_05663 to the type II category (AVP2-like protein)21. Although the
SignalP4.1 peptide prediction tool42 was unable to recognize any specific signal peptide in the
P. soloecismus proteins, both the P. soloecismus AVP1-like and the AVP2-like proteins did
show typical transmembrane regions of integral membrane proteins, which is expected of H+PPases. Based on the above analysis, and data from the literature indicating that AVP1
overexpression improves biomass productivity, NSC_02498 (hereafter referred to as AVP1)
was selected as a target for overexpression in P. soloecismus.
Overexpression vector design, transformation, and PCR screening
An overexpression vector RG5 was assembled, consisting of the Sh-ble gene controlled
by transcription elongation factor (TELF) (gene ID NSC_01842) promoter/terminator pair and
the RuBisCO small subunit (RbcS) (Gene ID NSC_05239) promoter/terminator pair for
expression of the gene of interest, both located within a predicted neutral site in P. soloecismus’
genome (region 1437050-1439100 in contig 595). The 2663 bp DNA region corresponding to
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the AVP1 gene was cloned into the vector, resulting in the construct RG5 (Figure 3). P.
soloecismus was transformed by electroporation, and putative transformed colonies were
screened by PCR utilizing specific primer pairs (Table 2) that amplify a region within the
unique DNA sequence resulting from the combination of RbcS promoter/AVP1 gene. From
eighteen colonies tested, nine PCR positive colonies were obtained (Figure 4) and Sanger
sequencing confirmed the identity of the amplicons, demonstrating successful transformation
of the plasmid DNA into P. soloecismus. Colonies were named with Avp1 and the number of
the
AVP1 amplification
FW
RV
PCR screen
FW
RV
qPCR
FW
RV
FW
RV

colony
Primers

Ppase NdeI fwd: 5’-CTGGCAAAAAAGACATATGTTATCCGAG -3’
Ppase Rev XbaI: 5’-TCTACTTCTAGATGTTATATCATGCCAC-3’
RbcS fwd 5’- CTCCTACACCGTTTTCGCCCTAC-3’
AVP1 Rv 5’- GACCCGCCAAGGCCATAT CCAGTG-3’
AVP1 fwd 5’-ACGCTCTGAAAGTGGAAGAG-3’
AVP1 rev 5’- GACGCT GACATACTTATACTCGG-3’
Actin fwd 5’ -ACCCTCAAGTATCCAATCGC-3’
Actin rev 5’- AGCTTCCGTCAATAACACAGG-3’

Table 2. All primers used for making the construct, PCR, and qPCR.
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following.

Figure 3. Scheme of the vector used for the overexpression of Avp1 in
+
Picochlorum soloecismus. Avp1: Vacuolar H pumping pyrophosphatase gene;
RbcS: RuBisCO small subunit; TELF: transcription elongation factor; Sh-Ble:
Zeocin resistance gene; AmpR: Ampicillin resistance gene. Red lines indicate
primer amplification region for screening.

WT

+

-

1

2

3

4

5

6

7

8

9

10 11 12

13 14 15

16

Figure 4. PCR screening for an RbcS promoter -AVP1 DNA sequence not found
in Wild Type Picochlorum. The positive control used plasmid DNA as a template
and is noted with “+”. The negative control contained water instead of DNA
template and is marked as “–“. The columns labeled 1-16 are putative colonies
that were screened. 1kb New England Biolabs ladder was used for reference.
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Transcript levels and initial growth characterization of positive transformants
To assess the degree of AVP1 gene expression in the transformed strains, the levels of
AVP1 transcript in selected PCR-positive transformants were compared to Wild Type by
quantitative PCR (qPCR). All tested mutants showed transcript values above Wild Type:
Avp1.1: 3.5-fold, Avp1.2: 2.4-fold and Avp1.3: 1.9-fold (Figure 5B).
The three transformants were then cultivated in shaker flasks with constant 1% CO2, in
order to perform an initial evaluation of their growth and carbon storage phenotypes, relative
to the Wild Type. The Avp1.1 and Avp1.2 strains grew similarly to the Wild Type, as measured
by OD750 over time, with growth curves from the two transformants nearly overlapping the
Wild Type growth curve in early and late time points (Figure 5A). By contrast, Avp1.3 showed
a clear reduction in growth performance: the culture showed a longer lag at the start of the time
course, a slower linear rate of growth, and lower total biomass at the end of the experiment.
Next, a qualitative assessment of starch accumulation in the strains was performed. The
Wild Type and three mutant strains were treated with Lugol’s stain43 and visualized by light
microscopy (Figure 6). The cells of all three mutant cultures showed a higher uptake of stain,
resulting in darker cells than the Wild Type and suggesting an increase in starch accumulation
in all of the mutants. Of the three mutant lines, Avp1.1 appeared to have the greatest stain
uptake.
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A

B

Figure 5. A) Growth comparison, observed by optical density (750nm) over
time, of the three mutants and the Wild Type grown in triplicate in a growth
chamber at 25°C, with 1% CO2 and a 16:8 light: dark cycle (300 µmoles photons
m-2 s-1). Error bars indicate standard deviation of the mean (n=3). B) Expression
values for AVP1 transformants, relative to Wild Type P. soloecismus.
Finally, to acquire a quantitative measure of total carbohydrates per dry weight, algal
cells were harvested from each flask on the last day of the time course (Day 12). Consistent
with the Lugol’s staining, the highest percent carbohydrate accumulation was observed in
Avp1.1, which showed an increase in total carbohydrate concentration over the Wild Type
(Figure 7A) though not statistically significant. Figure 7B shows a statistically significant
increase in accumulation of glucose molecules in Avp1.1 and Avp1.2 compared to Wild Type,
as determined by HPLC. Interestingly, the sum of the different sugars quantified using HPLC
reflects that of the total carbohydrates quantified using the colorimetric assay. Since Avp1.1
showed the highest levels of gene expression, unaffected growth phenotype, the most obvious
difference in cell morphology, and an observable increase in total percent carbohydrates, this
mutant line was picked further characterization.
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Figure 6. Initial characterization of starch accumulation for the Wild Type and three
mutants using Lugol’s Iodine staining. The dark coloration indicates starch
accumulation. A) Wild Type B) Avp1.1 C) Avp1.2 D) Avp1.3. Bright field at 100x,
Scale: 10µm

A

B

Figure 7. Total carbohydrate accumulation and sugar profile using HPLC of the last
time point in the growth curve. A) Initial characterization of total carbohydrate
accumulation for the wild type and three mutants from day 12. B) Quantification
using HPLC of glucose, galactose, mannose, and total sum. Tukey’s multiple
comparison for significance where *p < 0.05.
Characterization of Avp1.1 in a closed photobioreactor
Due to the increase of carbohydrates on the last time point, it was desirable to determine
the biochemical profile over time. Thus, an increase in biomass was needed and a larger closed
photobioreactor was used. A 25-day growth curve experiment was performed in spin flask
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bioreactors19 with CO2 supply provided on-demand via pH control. The overexpressor strain
Avp1.1 showed a similar increase in optical density (750 nm) when compared to Wild Type
(Figure 8A), but with fewer cells per volume after quantification by flow cytometry (Figure
8B). This observation is consistent with the larger forward scatter of Avp1.1 (Figure 8C), and
therefore
A

a

larger

cell

size.

B

C

Figure 8. Comparison of photometric parameters between Avp1.1 and the Wild Type
during the 25-day growth curve. A) Optical density B) Cell number in one mL of culture
C) Forward scatter measurement for relative cell size
Carbohydrate biochemical analysis was significantly different for days 6-19 using a
student’s t-test, where p < 0.05 (Table 3). Notably, total carbohydrates peaked at 2 days after
N depletion for both Wild Type and mutant; at this time point, Avp1.1 strain accumulated 34%
more total carbohydrates over Wild Type (Figure 9C). Soon after the onset of starch
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consumption, 4 days after N depletion, stored carbon transitions to lipid, quantified as fatty
acid methyl esters. Day 16 was the only day that was significantly different, and the BODIPY
quantification by the staining of neutral lipids had no statistical significant difference (Figure
9A,B) . Therefore, it was determined that the carbohydrate phenotype seen in the initial
experiments translated to the larger photobioreactor.
A

B

C

Figure 9. Time course of biochemical composition. A) BODIPY quantification of neutral
lipids B) FAMEs quantified through GC-FID C) Carbohydrate accumulation, quantified
spectrophotometrically. Student’s t-test for significance where *p < 0.05
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Cells/mL
Days since incoulation
3
4
6
8
10
12
16
19
23
25

NS
NS
NS
NS
NS

NS

Spin flask Student's t-test
FSC
BODIPY

0.01986
0.00968
0.03740
0.01529

NS
NS
0.01478
0.00575
0.00926
0.00850
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

% Carbohydrates

% Lipid

NS
NA
NS
NA
0.03357
0.00348
0.00879
0.02812
0.03387
0.03553
NS
NS

NS
NS
NS
NS
0.02845
NS
NS
NS

Table 3. Student’s t-test of closed photobioreactor flow cytometry
measurements and biochemical analysis where p < 0.05. NS indicates not
significant.

Photosynthetic measurements
One hypothesis on why Avp1.1 was accumulating more carbohydrates was that it might
be more efficient at CO2 uptake and increase photosynthesis in the chloroplast (Figure 1).
Thus, chlorophyll florescence to determine Photosystem ll efficiency using the quantum yield
feature on an AquaPen-C AP-C 10 was examined during replete conditions. In Figure 10, there
is no statistical significant difference in QY.

0.8

QY

0.6
0.4
0.2
0.0

WT Avp1.1

Figure 10. Quantum yield measurement to
determine Photosystem ll efficiency for
photosynthetic efficiency.
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Salinity tolerance
One phenotype of AVP1 overexpression within plants is increased salt tolerance and
this phenotype has been seen in plants like soybean and tobacco33,52–54. The typical growth
medium for P. soloecismus is a modified f/2 medium with a salinity matching the average
salinity of seawater (35 ppt), derived from adding the artificial seawater mix, Instant Ocean.
Thus, to determine if Avp1.1 demonstrated an improved salt tolerance phenotype, Avp1.1 and
the Wild Type were cultivated in a medium with twice the salinity of seawater (70 ppt) for two
weeks. Interestingly, Wild Type statistically significantly (Table 4) outperformed the Avp1.1
line. This was opposite of the hypothesis, and may indicate that the mechanism of action in P.
soloecismus is PPi synthesis instead of hydrolysis, as depicted in Figure 1.
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✱
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✱
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✱
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15

Days since inoculation
WT 2x Instant Ocean

Avp1.1 2x Instant Ocean

Figure 11. Optical density of WT and Avp1.1 grown
in twice the amount of Instant Ocean.
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2X Salinity Student's t-test
Days since inoculation
0
0.94
1.94
2.94
3.94
4.94
6.02
6.94
7.99
8.94
9.94
12.1
13.99

NA
0.001201
0.000704
0.000728
0.003566
0.000735
0.004147
0.003179
0.017742
0.020475
NS
NS
0.011181

Table 4. Student’s t-test of
2x salinity growth curve
where p < 0.05. NS indicates
not significant.
Phosphate limitation
Phosphorus is considered an important nutrient in maintaining algae growth55. It was
thought that the Avp1.1 line might utilize this nutrient better under limiting conditions because
of the increase of PPi hydrolysis. The hypothesis was that when under limiting conditions, the
Avp1.1 line would be more efficient at utilizing hydrolyzed PPi and thus increasing the amount
of orthophosphate the cell can use for essential cellular process55. As seen in Figure 9, a growth
curve was conducted with varying levels of phosphate solution within the media. The Wild
Type had a statistically significant increase (Table 5) in OD750 measurements than the Avp1.1
line in the 1/50 phosphate solution media. Interestingly this was not expected if AVP1 is acting
to hydrolyze PPi, but instead may be more consistent with PPi synthesis.
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A

B

C

D

Figure 12. Varying phosphate levels to determine if the Avp1.1 line utilized
phosphate more efficiently than the Wild Type A) Wild Type and Avp1.1
control (standard phosphate solution in the media) B) 1/10 phosphate solution
C) 1/20 phosphate solution D) 1/50 phosphate solution.
Varying phosphate Student's t-test
Full
1/10P
1/20P
0
NA
NA
NA
1 0.002948 0.000282 0.046322
2
NS
0.000686
NS
3
NS
0.027417
NS
4
NS
NS
NS
5
NS
NS
NS
6
NS
0.01145
NS

Days since inoculation

Table 5. Student’s t-test of varying phosphate
growth curve where p < 0.05. NS indicates not
significant.
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1/50P
NA
0.007322
0.011583
0.04052
0.025585
0.016053
NS

Supplemented sugar experiments
Both the Wild Type and Avp1.1 was grown in media supplemented with glucose and
sucrose in a 1% CO2 incubator (Figure 13), in order to determine if sugar supplementation
causes growth differences, because one hypothesis in the literature is an increase in sugar
transport, (specifically sucrose) in AVP1 overexpression lines35. When grown in a CO2
incubator P. soloecismus (both Avp1.1 and the Wild Type) grew poorly in sucrose media
compared to the controls without supplemented sucrose. Sucrose supplemented cultures were
plotted on a second Y-axis due to notably lower ODs and cell counts in the presence of this
sugar (Figure 12A,C). Also, the glucose experiment showed that Wild Type grew less than
the Avp1.1 line in the controls, which is not a phenotype that has been seen before. It was
thought that perhaps the CO2 was causing some challenges in growth when supplemented with
sugar.

Thus, it was determined that growing both the non-supplemented controls and

supplemented sugars in a non-CO2 condition was important for determining the phenotype of
sugar supplementation.
Figure 14 shows the non-CO2 growth curve and subsequent analysis with flow
cytometry. The non-supplemented controls and glucose supplementation grew similarly
according to OD750 measurements (Figure 14A). However, the Avp1.1 line supplemented with
sucrose had a larger increase in OD750 than its Wild Type counterpart. The cells per mL
followed similar trends of the Avp1.1 line decreasing in cell count as seen in previous
experiments when looking at the untreated controls (Figure 14B). For the first time, however,
there is the opposite phenotype of an increase in cell counts in the Avp1.1 line when
supplemented with sucrose. There is also an increase in cell size and granularity for the Avp1.1
line supplemented with sugar (Figure 14 C,D).
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Figure 13. Sugar supplementation experiments grown in a CO2 incubator,
sucrose (left), glucose (right). (A,B) Optical density measurements (A = sucrose,
B = glucose). (C,D) Mean cell counts (C = sucrose, D = glucose). (E,F) Mean
forward scatter, an indicator of cell size (E = sucrose, F = glucose). (G,H) Mean
side scatter which reflects cell granularity (G = sucrose, H = glucose).
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Figure 14. Sugar supplement experiment grown in a non-CO2 system A)
Optical density measurements B) Cells per mL of culture C) Mean forward
scatter for relative cell size D) Mean side scatter for the measurement of cell
l it
Intracellular pH
As mentioned before, pH can be an important driving factor for AVP1; therefore, it
was thought that measuring pH would help indicate a difference in proton gradients between
the Wild Type and Avp1.1 line. The flow cytometry pH assay for P. soloecismus developed
by Tyler et al. was used to determine intracellular pH (Figure 15)47. The intracellular pH was
significantly different with the Wild Type approximately 6.5 and Avp1.1 was around 6.1. This
indicates a difference in proton gradient within the Avp1.1 line.
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7.0

Calculated pH

6.8

*

6.6
6.4
6.2
6.0

WT

Avp1.1

p = 0.011
Figure 15. Intracellular pH of the Wild
Type and Avp1.1 line in replete
conditions. A student’s t-test, where p
< 0.05, was used to determine the
statistical significance of the difference
in the mean intracellular pH.
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Characterization in MicroBio mini pond
In order to test if the Avp1.1 line retained the phenotype of increase in carbohydrate in
a more realistic industrial biofuel system, the line was tested in triplicate MicroBio mini ponds
with the Wild Type control. Avp1.1 and the Wild Type grew the same according to OD750
measurements (Figure 16 left y-axis). However, each pond starved of nitrogen at different
times throughout the curve (Figure 16 right y-axis). The mean forward scatter did not indicate
a statistically significant increase in relative cell size for Avp1.1 except for day 12, which
showed the similar trend as seen in the closed photobioreactor of increased cell size in the
Avp1.1 line (Figure 17A). The same day also had a statistically significant difference of
decreased cell count that was seen before in earlier experiments (Figure 17B). However, the
autofluorescence did indicate that the Avp1.1 overexpresser had a high chlorophyll
fluorescence indicating a healthier culture (Figure 17C). The BODPIY fluorescence showed a
statistically significant increase near the end of the curve for the Wild Type, but the FAME
analysis from day 14 did not show a statistically significant difference. There was also no
difference in carbohydrate accumulation based on days relative to nitrogen starvation.
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Figure 16. Pond optical density measurements (left axis) and nitrates
(right axis) of Wild Type and Avp1.1
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A

B

C

Figure 18. Biochemical analysis of pond experiments A) BODIPY fluorescence of stain neutral
lipids B) Percent lipid accumulation from 14 days after inoculation C) Percent carbohydrates
accumulated based on nitrogen starvation and normalized to ash free dry weight

Days since inoculation
4.83
7.83
9.83
11.83
13.83
15.83
21.83
22.83

Pond Student's t-test
Cells/mL Cell size Chlorophyll BODIPY
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
0.02295 0.04219
0.01740
NS
NS
NS
0.03784
NS
NS
NS
0.02314
NS
NS
NS
0.03615
0.02593
NS
NS
0.00011
0.04438

Table 6. Student’s t-test of MicroBio mini pond growth curve
where p < 0.05. NS indicates not significant.
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DISCUSSION
The overexpression of a vacuolar H+-pumping pyrophosphatase (AVP1) is known to
increase biomass accumulation and salt tolerance in land plants 22,56. These phenotypes could
be useful to industrial algal biofuels to help mitigate the use of fresh water for cultivation, but
also increase the amount of biomass yield to allow for a more cost effective biofuel. However,
the effect of AVP1 overexpression in microalgae has not previously been examined. Thus, this
study aimed to assess the outcomes of AVP1 overexpression in the microalga Picochlorum
soloecismus, which is part of a promising genus of biofuel production platform strains and has
been shown to be amenable to genetic engineering 19,57.
The native AVP1-like gene was overexpressed in P. soloecismus, and we initially chose
three mutants to characterize. Two out of the three mutants grew just as well as the Wild Type
based on OD750. However, the third mutant, Avp1.3, grew more poorly than the others did
(Figure 5A). This may be due to added metabolic burden of expressing the protein, although
Avp1.3 had the lowest levels of AVP1 gene expression of the three lines. Alternately, the
intracellular location of the vector DNA in Avp1.3 may have been detrimental to cell growth.
The initial experiments revealed the phenotype of increased carbon storage.
Specifically, the Lugol’s stain showed a qualitative increase in starch accumulation (Figure 6)
and the colorimetric assay verified that the total percent carbohydrates did increase though not
statistically (Figure 7A). The increase in carbohydrates does appear to be in the form of starch,
because the HPLC quantification did show a statistically significant increase in glucose
molecules (Figure 7B).
Once the initial phenotype was determined, one overexpressing line was chosen to
further characterize by using a cultivation system that would increase the amount of biomass
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to allow for the analysis of carbohydrates and lipids over time. Consistent with the initial shake
flask experiments, there was no difference in growth between the Wild Type and Avp1.1 line
based on OD750 measurements, but there was a difference in cell size and cell concentration.
The Avp1.1 line had a larger cell size, but less cells per milliliter of culture. The increase in
cell size makes up for the loss in cell counts and thus reflects the similarity in OD750
measurements, but this does indicate a measurable difference in cell morphology.
Once the difference in cell morphology was determined, the biochemical composition
over time of the Avp1.1 line was evaluated. The Avp1.1 line had a statistically significant
increase in the accumulation of percent carbohydrates based on dry weight (Figure 11C).
Notably, on day 6 there was the highest difference in carbohydrates with a 34% increase. The
BODIPY staining of neutral lipids did not have statistically significant difference (Figure 11A),
however, there was one day at which there was a significant difference in favor for the Avp1.1
line when quantified using FAMEs (Figure 11B). One hypothesis for this accumulation
increase was that the overexpression was perhaps increasing photosynthesis and thus
increasing carbohydrate accumulation (Figure 1). However, when photosystem ll was tested
using quantum yield in replete conditions there was not a difference (Figure 12). Since all of
these phenotypes appear later in the growth curve, perhaps there would be a difference in
photosynthesis at a later time point and this would need to be evaluated in the future.
The establishment of the phenotype of increased carbohydrates yet no statistically
significant differences in photosynthetic efficiency led to questioning the mechanism of this
overexpression, and several experiments were conducted to help elucidate more of an
understanding of how AVP1 acts in P. soloecismus. These experiments consisted of
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determining if some of the phenotypes seen in plants were seen in this unicellular algae, as
well as some other physiological measurements.
In plants, one prominent phenotype from overexpressing AVP1 is salt tolerance. As
mentioned above, the hypothesis for this phenotype is acidification of the vacuole. The increase
in positive charges would allow for an increase in proton gradient potential as well as
phosphate detoxification. Therefore, two experiments were conducted to test this:
supplementing the media with twice the amount of salt and measuring PPi levels (data not
shown). P. soloecismus has already been established to be highly salt tolerant 19 and both grew
well but the Avp1.1 line had a statistically significant reduction in growth when compared to
the Wild Type (Figure 8). This indicates that the opposite hypothesis of synthesizing PPi may
be at work. However, perhaps due to the high salt tolerance in this strain another experiment
with a higher salt concentration should be conducted to officially rule the phenotype out.
Attempts at measuring pyrophosphate levels were inconclusive which would have been useful
in determining if there was a varying amount of PPi accumulation between the Wild Type and
Avp1.1 line and perhaps give more weight to the hypothesis of synthesizing PPi.
As an alternative, it was thought that the Avp1.1 line would utilize phosphorus more
efficiently than the Wild Type by hydrolyzing PPi and allowing orthophosphate to be readily
available for different cellular process. Therefore, the Avp1.1 line and Wild Type were grown
in media with varying phosphate levels. As seen in Figure 12, Avp1.1 had a statistically
significant reduction from the Wild Type in lower phosphate levels. It is uncertain why this is
the case, but one hypothesis is that perhaps lowering levels of phosphate could cause a stunt in
Avp1.1 because it is synthesizing PPi instead of hydrolyzing and thus cannot maintain growth
as easily as the Wild type.
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AVP1 overexpression has been linked to increasing carbon partitioning by increasing
the sugar transport in plants with the help of sugar transporters31,35,58 . Therefore, it was
reasoned that supplementing the media with sugar would help determine if this phenotype is
seen in the Avp1.1 line (Figure 1). Figure 13 and 14 shows supplementation of sucrose and
glucose grown in a CO2 incubator and in a non- CO2 system. In the CO2 system the Wild Type
and Avp1.1 suffered in sucrose supplemented media, and the wild type control grew more
poorly than Avp1.1 in the glucose experiment. In the non-CO2 system, the Avp1.1 line grew
more according to OD750 and also had an increase in cell count, cell size, and cell granularity.
The controls all followed the same patterns as seen in pervious experiments of Avp1.1 growing
similarly to the Wild Type as well as seeing a decrease in cell counts. The sugar
supplementation experiment results indicate that there is an increase in growth for sucrose
supplementation in non-CO2 experiments and therefore more uptake of sucrose as depicted in
Figure 1. This also corroborates what is seen in plants based on the literature, however, the
increase in carbon partitioning still needs to be tested for these experiments.
The literature describes that pH changes can cause the AVP1 protein to reverse to
synthesizing PPi instead of hydrolyzing it. Thus, it was vital that the internal pH needed to be
tested. The pH of the Avp1.1 line around 0.5 lower than the Wild Type and was significantly
different. This may indicate more protons moving in and out of the cell. However, only one
time point was measured at replete conditions and it would be of interest to study the pH of
this Avp1.1 line throughout a growth curve.
All of these experiments characterized the Avp1.1 line to have a larger accumulation
of carbohydrates, larger cell size, and a lower number of cells per milter of culture. This
phenotype would be more relevant to the microalgae biofuel industry if it translates to an
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outdoor system. The increase in carbohydrate may help with lowering costs of microalgae
biofuels by providing an increase in energy in the form of starch and therefore negating some
of the cost for extraction. Thus, a simulated large-scale characterization was conducted in
Microbio mini ponds. It was determined on day 12 that some previous phenotypes that were
achieved in the closed photobioreactor experiments were also seen in large scale cultivation.
However, the increase in carbohydrate was not seen. Initially it was thought that this may be
due to the loss of overexpression or the contamination of the Avp1.1 line in the Wild Type
ponds because PCR attempts at determine the overexpression line were inconclusive (data not
shown). However, when Wild Type pond cultures and Avp1.1 pond cultures were grown on
antibiotic plates only the Avp1.1 culture grew (data not shown). Another hypothesis for the
lack of carbohydrate phenotype might be from poor light utilization caused by cell density.
Avp1.1 has more carbohydrates, thus could sink more easily than the Wild Type. Therefore,
they may not mix as easily and utilize light the same way due to shading.

CONCLUSIONS AND IMPLICATIONS
AVP1 overexpression is known to increase biomass production in plants. Here, the
characterization of the phenotype resulting from the overexpression of a native vacuolar H+pumping pyrophosphatase (AVP1) homolog in the microalgae Picochlorum soloecismus. The
results described above indicate that AVP1 overexpression is advantageous in this microalga,
as it induces an increase in the accumulation of carbon storage molecules in the form of starch.
This resulting phenotype can improve the cost competitiveness of biofuels and bioproducts
that utilize algae as feedstock.
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Future work should include overexpressing this protein in a freshwater production
strain, as it would be noteworthy to discover if the salt tolerance phenotype translates to algae.
This would also be beneficial in make this strain more attractive for industrial use because it
would no longer use freshwater that could be used for food cultivation. This work does not
resolve the mechanism of action for how the overexpression obtains the phenotypes described,
but it does create a starting point for understanding how this works in a unicellular organism.
For example, our data indicates that AVP1 overexpression more likely results in PPi synthesis
rather than hydrolysis. Future work should also focus on the generation of AVP1 knockout
lines because it would be beneficial for discovering where AVP1 localizes, thus aiding with
the understanding of where the proton potential would be located in the cell. However,
adequate tools for developing such strains have yet to be developed for this microalga.
Developing knockout tools would also be beneficial for future overexpression lines and assist
in discovering physiological singularities not only in this particular species, but perhaps other
species of interest that are used for industrial biofuel production.
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